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A glycogen synthase kinase that is completely dependent on CaZ+ and calmodulin has been identified in 
mammalian skeletal muscle, and purified -3000-fold by chromatography on phosphocellulose and cal- 
modulin-Sepharose. The presence of 50 mM NaCl in the homogenisation buffer was critical for extrac- 
tion of the enzyme. The calmodulin-dependent glycogen synthase kinase (app. M, 850 000) is distinct from 
myosin light-chain kinase and phosphorylase kinase, but phosphorylates the same serine residue on glyco- 
gen synthase as phosphorylase kinase. The physiological role of the enzyme is discussed. 
Calmodulin Glycogen synthase Protein phosphorylation 
I. INTRODUCTION 
Several years ago we reported that highly pu- 
rified preparations of rabbit skeletal muscle glyco- 
gen synthase were contaminated with protein 
kinase activity distinct from cyclic AMP-depen- 
dent protein kinase [l]. This activity, initially 
termed glycogen synthase kinase-2, was stimulated 
by calmodulin (2-lo-fold) and phosphorylated a 
serine located 7 residues from the N-terminus of 
glycogen synthase [2,3]. Subsequently, it was con- 
cluded that glycogen synthase kinase-2 was identi- 
cal to phosphorylase kinase [4], a calmodulin-stim- 
ulated enzyme [5] that also phosphorylates erine-7 
of glycogen synthase [4,6]. Here, we demonstrate 
the existence of a calmodulin-dependent glycogen 
synthase kinase in skeletal muscle distinct from 
phosphorylase kinase, and discuss the reasons for 
the failure to recognise this activity previously. 
[S]. Phosphorylase b [9], phosphorylase kinase [lo], 
glycogen synthase a [ 11,121, myosin light chains 
[ 131, myosin light-chain kinase [ 141 and the specific 
protein inhibitor of cyclic AMP-dependent protein 
kinase, termed the inhibitor protein [ 151, were pu- 
rified from rabbit skeletal muscle by standard pro- 
cedures. Heparin, phosvitin, and partially dephos- 
phorylated and hydrolysed casein were purchased 
from Sigma, E. coli /3-galactosidase from 
Boehringer and[y-3*P]ATP from Amersham Inter- 
national. Trifluoperazine was a gift from Smith, 
Kline and French. 
2.2. Purification of the calmodulin-dependent glyco- 
gen synthase kinase 
2. MATERIALS AND METHODS 
2.1. Materials 
Phosphocellulose P- 11 was obtained from What- 
man and treated before use as in [7]. Calmodulin 
was purified from sheep brain and coupled to 
CNBr-activated Sepharose 4B (Pharmacia) as in 
*To whom correspondence should be addressed 
All operations were carried out at 0-4°C. Rab- 
bits were killed with a lethal dose of sodium pen- 
tobarbitone. The muscle from the hind limbs and 
back (800 g) was minced, and homogenised in a 
Waring Blender for 25 s at low speed with 4.0 mM 
EDTA (pH 7.0)-0.1% (v/v) 2-mercaptoethanol- 
50 mM NaCl. The homogenate was centrifuged at 
6000 x g for 45 min, and the supematant de- 
canted through glass wool and recentrifuged at 
100 000 X g for 60 min. One litre of the supema- 
tant was loaded on to a column of phosphocellu- 
lose (6 X 5 cm) equilibrated in 50 mM Tris-HCl 
(pH 7.5, O’C)-0.1 mM EGTA-10% (v/v) glyc- 
erol-0.1% (v/v) 2-mercaptoethanol (solution A) 
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containing 50 mM NaCl. The column was washed 
with solution A + 200 mM NaCl(3 litres), and the 
calmodulin-dependent glycogen synthase kinase 
eluted with solution A + 450 mM NaCl. The solu- 
tion (-90 ml) was concentrated by vacuum di- 
alysis to - 10 ml, dialysed against solution A con- 
taining 50 mM NaCl, and made 0.4 mM in CaC12 
and 3.0 mM in MgC12. It was then chromato- 
graphed on calmodulin-Sepharose as in fig. 1. The 
entire procedure could be completed within 3 
days. 
2.3. Assay of the calmodulin-dependent glycogen 
synthase kinase 
Preparations of glycogen synthase a were passed 
through phosphocellulose to remove endogenous 
protein kinase activities [16], and dialysed against 
50 mM sodium glycerol l-phosphate (pH 7.0) con- 
taining 0.5 mM EGTA and 0.1% (v/v) 2-mercap- 
toethanol. The standard assays (0.1 ml) were car- 
ried out at 30°C (pH 7.0) and contained 0.4 mg 
glycogen synthase a/ml, 10 mM sodium glycerol l- 
phosphate, 0.1 mM EGTA, 0.15 mM CaC12, 
0.01 mg calmodulin/ml, calmodulin-dependent 
glycogen synthase kinase, 4.0 mM magnesium ace- 
tate and 0.1 mM [$2P]ATP. The assays also con- 
tained the inhibitor protein and heparin (5 pg/ml) 
to inhibit any trace cyclic AMP-dependent protein 
kinase or glycogen synthase kinase-5 activity [17], 
respectively, in the glycogen synthase a or glyco- 
gen synthase kinase preparations. The reactions 
were initiated with ATP and terminated and ana- 
lysed as in [18]. One unit of activity was that 
amount which catalysed the incorporation of 
1 .O nmol phosphate into glycogen synthase/min. 
The phosphorylation stoichiometry was calculated 
as in [ 191. 
The phosphorylation of other proteins was 
studied in the same assay, except that glycogen 
synthase was replaced by the protein being tested. 
2.4. Preparation and assay of mouse muscle extracts 
These were prepared from adult ICR/IAn mice, 
which lack skeletal muscle phosphorylase kinase 
[20] and C3H/He-mg mice that have normal ac- 
tivity. The muscle was homogenised as described 
for rabbit skeletal muscle with 2.5 vol. 4.0 mM 
EDTA-0.1% (v/v) 2-mercaptoethanol (pH 7.0). 
In some experiments 50 mM or 100 mM NaCl was 
added to the homogenisation buffer. The homoge- 
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nates were centrifuged at 15 000 x g for 20 min. 
and the supernatant (extract) decanted. 
The extracts were assayed for glycogen synthase 
kinase activity at pH 6.8 or 8.2, employing the 
standard assays for phosphorylase kinase [2 1,221, 
except that glycogen synthase (0.5 mg/ml) was 
substituted for phosphorylase b (5 mg/ml), and the 
[$*P]ATP (80 000 cpm/nmol) concentration was 
reduced from 3.0-1.0 mM. Measurements were 
performed in the presence of EGTA (1.0 mM) or 
at saturating concentrations of Cal+ (50 PM). Cal- 
cium-dependent glycogen synthase kinase was the 
activity in the presence of EGTA subtracted from 
the activity in the presence of Cal+. The assays 
were carried out for 2 min at 30°C in duplicate, 
and at a 1:30 final dilution of the extracts. Appro- 
priate reaction blanks were included in which ei- 
ther extract or glycogen synthase were omitted. 
Reactions were initiated with ATP and terminated 
and analysed as in [ 181. 
2.5. Measurement ofprotein concentration 
The concentrations of glycogen synthase and 
phosphorylase b were determined by absorbance 
measurements at 280 nm, using values of 13.4 [ 1 l] 
and 13.1 [23], respectively, for 1% solutions. Pro- 
tein concentrations of other solutions were carried 
out according to [24] using bovine serum albumin 
(A@0 nm = 6.5) as standard. 
3. RESULTS 
3.1. Purification of the calmodulin dependent glyco- 
gen synthase kinase from rabbit skeletal muscle 
This enzyme cannot be measured in skeletal 
muscle extracts because of the presence of phos- 
phorylase kinase. The latter enzyme is not retained 
by phosphocellulose at 200 mM NaCl and is there- 
fore separated from the calmodulin-dependent 
glycogen synthase kinase, which is eluted at 
450 mM NaCl. The calmodulin-dependent glyco- 
gen synthase kinase binds to calmodulin- 
Sepharose in the presence of Ca2+ and can be dis- 
placed with EGTA (fig.1). This separates it from 
contaminating glycogen synthase kinase-3 and gly- 
cogen synthase kinase-4 activity [17], traces of 
which are found in the flow through fractions (not 
shown). The residual phosphorylase kinase activity 
in the purified enzyme is very low or absent (tig.1). 
The specific activity of the preparation (700 U/ 
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Fig.1. Affinity chromatography of the calmodulin-de- 
pendent glycogen synthase kinase on calmodulin- 
Sepharose. Enzyme from chromatography on phos- 
phocellulose was loaded on to the column (6x 2 cm) 
equilibrated in 40 mM Tris-HCl (pH 7.5, O”C)- 
0.3 mM CaC12-3.0 mM MgC12-0. 1 mM dithiothreitol- 
50 mM NaCI. At the point marked with an arrow, 
[NaCl] was increased to 500 mM. The enzyme was elu- 
ted by replacing 0.3 mM CaCl* with 2.0 mM EGTA. 
The flow rate was 75 ml/h and fractions of 3.2 ml were 
collected: (o-0) calmodulin-dependent glycogen syn- 
thase kinase; (v-v) phosphorylase kinase; (O---O) ab- 
sorbance at 280 nm. Phosphorylase kinase was assayed 
at pH 7.0 as described for the calmodulin-dependent 
glycogen synthase kinase, except that phosphorylase b 
(0.5 mg/ml) replaced glycogen synthase (0.4 mg/ml). 
mg), corresponds to a purification of 3000-fold, as- 
suming that the specific activity in rabbit skeletal 
muscle extracts is comparable to that in extracts 
prepared from ICR/IAn mice that lack phosphor- 
ylase kinase activity (see below). 
The presence of 50 mM NaCl in the homoge- 
nisation buffer was critical in order to obtain a 
high yield of calmodulin-dependent glycogen syn- 
thase kinase. If NaCl was omitted, the yield from 
phosphocellulose was 3-6-fold lower. The effect 
of NaCl appears to be specific for this enzyme, 
since the activities of phosphorylase, phosphory- 
lase kinase and phosphorylase phosphatase were 
not increased by the inclusion of salt in the extrac- 
tion buffer (not shown). 
100 - 
1 2 3 4 5” 
calmodulin (pg/ml) 
Fig.2. Regulation of the calmodulin-dependent glycogen 
synthase kinase by calmodulin. The assays were done as 





Fig.3. Gel filtration of the calmodulin-dependent glyco- 
gen synthase kinase on Sepharose 4B. The column 
(140 x 2.5 cm) was equilibrated in solution 
A + 500 mM NaCl. The sample (2.0 ml) was applied at 
a flow rate of 20 ml/h and fractions of 4.6 ml were col- 
lected. The arrows V,, A, B and C denote the void vol- 
ume and the positions at which the marker proteins (M,) 
phosphorylase kinase (1 300 000) fi-galactosidase 
(464 000) and phosphorylase b (195 000) were eluted. 
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Table I 
Substrate specificity of the calmodulin-dependent glyco- 




Rel. act. (W) 
GSK MLCK 
Glycogen synthase 0.4 4.6 100 0.3 
Casein 2.0 -100 4.5 0.4 





0.1 5 1.0 100 
5.0 50 <O.l <O.l 
2.0 <I 
3.2. Properties of the calmodulin-dependent glyco- 
gen synthase kinase 
The purified enzyme was completely dependent 
on both Ca2+ and calmodulin for activity. Half- 
maximal activation was observed at 0.45 pg/ml 
(27 nM) calmodulin (fig.2). The activity was com- 
pletely inhibited by the inclusion of trifluoperazine 
(50 PM) in the assays. The &-values for ATP and 
glycogen synthase were 40 PM and 3 PM (0.27 mg/ 
ml), respectively. The K, for Mg2+ was 0.8 mM, 
and maximal activity was observed above 2.0 mM 
Mg2’. 
The enzyme was eluted as a single symmetrical 
peak from Sepharose 4B and an apparent Mr of 
850 000 + 50 000 was determined from these ex- 
periments (fig.3). 
The purified enzyme phosphorylated casein at a 
low rate, but had no activity toward the P-light 
chain of myosin, phosphorylase b, phosvitin or 
mixed histones (table 1). 
The phosphorylation of glycogen synthase by 
the calmodulin-dependent glycogen synthase ki- 
nase was unaffected by the presence of a 25-fold 
molar excess of phosphorylase b (fig.4). In con- 
trast, the phosphorylation of glycogen synthase by 
phosphorylase kinase was inhibited completely un- 
der these conditions (fig.4). 
3.3. Identification of serine- 7 as the major residue 
phosphorylated by the calmodulin-dependent 
glycogen synthase kinase 
The phosphorylation of glycogen synthase 
reached different plateau values depending on the 
8 
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Fig.4. Phosphorylation of glycogen synthase a and phos- 
phorylase b by the calmodulin-dependent glycogen syn- 
thase kinase and phosphorylase kinase. Phosphoryla- 
tions were carried out at pH 7.0 as described for the 
assay of the calmodulin-dependent glycogen synthase 
kinase, except that the glycogen synthase a was 0.25 mg/ 
ml and phosphorylase b 7.0 mg/ml. The concentration 
of the calmodulin-dependent glycogen synthase kinase 
was 1.0 U/ml, while that of phosphorylase kinase was 
1.2 pg/ml, and phosphorylations were limited to 
~0.1 mol/mol subunit. The reactions were terminated 
by the addition of sodium dodecyl sulphate and elec- 
trophoresed on 7.5% polyacrylamide gels according to 
1251. Channels 1 and 2 show phosphorylation of glyco- 
gen synthase n by the calmodulin-dependent glycogen 
synthase kinase and phosphorylase kinase, respectively, 
and channels 3 and 4 phosphorylation of phosphorylase 
b by these two enzymes. Channels 5 and 6 show phos- 
phorylation of a glycogen synthase a + phosphorylase b 
mixture by the calmodulin-dependent glycogen synthase 
kinase and phosphorylase kinase, respectively. The ar- 
rows P and S denote the positions of glycogen phosphor- 
ylase (subunit M, = 97 400) and glycogen synthase 
(subunit Mr = 86 000) respectively. 
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Fig.5. Phosphorylation of glycogen synthase by the cal- 
modulin-dependent glycogen synthase kinase. Assays 
were carried out in the presence of Ca*+ and calmod- 
ulin as in section 2.3, at 9.0 U/ml (o-m), 1.8 U/ml 
(O-O), or in the absence (v-v) of added protein 
kinase. 
amount of protein kinase added (Ii@). Phospho- 
rylation approached 1.0 mol/mol subunit (M, = 
86 000) after incubation for 40 min with high con- 
centrations of protein kinase (9 U/ml). Digestion 
with CNBr followed by SDS-polyacrylamide gel 
electrophoresis as in [26] showed that - 90% of the 
phosphate was located in peptide CB-1 (app. 
M, = 9000) and the remainder in peptide CB-2 
(app. M, = 24 000) up to an incorporation of 
0.7 mol/mol sibunit. The distribution was - 80% 
in CB-1 and -20% in CB-2 when the phosphory- 
lation approached 1.0 mol/mol subunit (not 
shown). 
Since the only known phosphorylation site in 
CB-1 is serine-7 [26] the tryptic peptide containing 
serine-7 was isolated by high-performance liquid 
chromatography as in 1271. This showed that the 
tryptic peptide containing serine-7 (eluted at 47% 
acetonitrile) was the major peptide phosphorylated 
by the calmodulin-dependent glycogen synthase 
kinase. The chymotryptic peptide containing ser- 
ine-7 was then isolated as in [2]. In this peptide, 
serine-7 is the N-terminal residue. One cycle of the 
Edman degradation was therefore carried out, fol- 
lowed by electrophoresis on thin-layer cellulose at 
pH 3.5 [2]. This showed that all the 32P-radioactiv- 
ity had been removed from the peptide, appearing 
as Pi. The result established that serine-7 was the 
only residue in the peptide that was phosphory- 
lated. 
The effect of phosphorylation of serine-7 on the 
activity of glycogen synthase is discussed in [4,17]. 
3.4. Assay of calcium-dependent glycogen synthase 
kinases in murine skeletal muscle extracts 
The calmodulin-dependent glycogen synthase 
kinase could be detected in muscle extracts pre- 
pared from ICR/IAn mice that lack phosphorylase 
kinase (< 0.2% normal activity). These studies con- 
firmed that the specific activity of the enzyme in 
extracts prepared by homogenisation with 50 mM 
NaCl (0.24 + 0.02 U/mg at pH 6.8) was several- 
fold higher than in extracts prepared by homoge- 
nisation in the absence of salt. Addition of 
100 mM NaCl to the extraction buffer did not in- 
crease the specific activity further. 
Calcium-dependent glycogen synthase kinase 
activity was measured at pH 8.2 in skeletal muscle 
extracts of ICR/IAn mice and a control strain 
(C3H/He-mg) with normal phosphorylase kinase 
activity. In extracts prepared by homogenisation in 
the absence of NaCl, the specific activity was -4- 
fold lower in ICR/IAn mice (0.055 U/mg) than 
C3H/He-mg mice (0.23 U/mg). 
The addition of exogenous calmodulin did not 
increase the calcium-dependent glycogen synthase 
kinase in skeletal muscle extracts. This is as ex- 
pected, since the endogenous calmodulin in the 
extracts is sufficient for maximal activation [5]. 
4. DISCUSSION 
These results demonstrate the existence in skele- 
tal muscle of a calmodulin-dependent protein 
kinase, distinct from phosphorylase kinase (fig. 1) 
and myosin light chain kinase (table 1). This en- 
zyme preferentially phosphorylated the same resi- 
due on glycogen synthase (serine-7) as phosphory- 
lase kinase, raising the question of the need for 
such an enzyme. A possible reason is suggested by 
the results presented in fig.4. This showed that 
physiological concentrations of phosphorylase b 
(7.0 mg/ml) suppressed the phosphorylation of 
physiological concentrations of glycogen synthase 
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(0.25 mg/ml) by phosphorylase kinase. In contrast. 
the phosphorylation of glycogen synthase by the 
calmodulin-dependent glycogen synthase kinase 
was unaffected by phosphorylase b. Therefore, fol- 
lowing electrical excitation of muscle and elevation 
of the cytoplasmic concentration of Cal+, the cal- 
modulin-dependent glycogen synthase kinase 
might initially be the most active enzyme towards 
serine-7, phosphorylase kinase only phosphory- 
lating this site to an appreciable extent after the 
conversion of phosphorylase b to a has been ac- 
complished. Phosphorylase a (7.0 mg/ml) inhibits 
the phosphorylation of glycogen synthase (0.25 
mg/ml) by phosphorylase kinase by 60% (not 
shown). 
We have recently separated 3 enzymes termed 
glycogen synthase kinase-3, glycogen synthase 
kinase-4 and glycogen synthase kinase-5 by chro- 
matography on phosphocellulose, whose activities 
are unaffected by cyclic AMP or Ca2+ -calmodulin 
[ 171. The calmodulin-dependent glycogen synthase 
kinase was not detected in this work for two rea- 
sons: 
(i) The chromatography on phosphocellulose was 
preceded by a 33% ammonium sulphate pre- 
cipitation which removes the enzyme (unpub- 
lished). 
(ii) NaCl at 50 mM was not included in the 
homogenisation buffer, which decreases the ac- 
tivity extracted 3-6-fold. 
In [4] we failed to find significant amounts of 
calcium-dependent glycogen synthase kinase ac- 
tivity in skeletal muscle extracts of ICR/IAn mice 
that lack phosphorylase kinase. These assays were 
carried out near the pH optimum for phosphory- 
lase kinase (8.2) using extracts prepared by ho- 
mogenisation in the absence of NaCl. The present 
work demonstrates that such activity can be de- 
tected under these conditions, although it is 4-fold 
lower than in extracts prepared from mice with 
normal levels of phosphorylase kinase. The cal- 
modulin-dependent glycogen synthase kinase is, 
however, easily detectable in muscle extracts of 
ICR/IAn mice prepared by homogenisation in the 
presence of NaCl. It seems probable that the cal- 
modulin-stimulated glycogen synthase kinase orig- 
inally discovered in purified preparations of glyco- 
gen synthase [2,3] contained traces of the enzyme 
described here, in addition to phosphorylase ki- 
nase. 
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A calmodulin-dependent glycogen synthase 
kinase has been described in rabbit liver by two 
laboratories [28-301. This enzyme has a similar 
Km for ATP and K, for Mg2+ to the skeletal 
muscle enzyme, and is also retained by phospho- 
cellulose at 200 mM NaCl [30]. On the other hand, 
the apparent M, of the liver enzyme determined 
by gel filtration is 500 000 [30] and the K, for cal- 
modulin is 80-100 nM [28-301. These values dif- 
fer significantly from those obtained in the present 
work with the skeletal muscle enzyme. The liver 
enzyme was reported by one laboratory to phos- 
phorylate casein and phosvitin at a comparable 
rate to glycogen synthase [30], whereas another 
laboratory found that casein was not phosphory- 
lated at a significant rate [28]. The latter report is 
consistent with the present work (table 1). 
The liver enzyme was reported by one laborato- 
ry to phosphorylate CNBr peptides CB- 1 and CB-2 
of glycogen synthase at similar rates [30], whereas 
another group reported that the initial rate of 
phosphorylation of CB-1 was 3-fold faster [28]. 
This site specificity does not appear to correspond 
to that of the skeletal muscle enzyme, which ini- 
tially phosphorylates CB- 1 (containing serine-7) at 
least lo-fold more rapidly than CB-2. Further 
studies are clearly required to clarify the relation- 
ship between the skeletal muscle and liver calmod- 
ulin-dependent glycogen synthase kinases. 
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